
γ γ

1

γ γ γ γ

FNAL 2011                                                Gamma-Rays                                                 James Buckley 

CTA-US Slides

Fundamental Physics with VERITAS and CTA

Jim Buckley
buckley@wuphys.wustl.edu

Washington University 
in St. Louis

• Dark Matter

• Lorentz Invariance Violation

• Cosmology - Epoch of galaxy 
formation, primordial magnetic 
fields

• Axion-Like-Particles

• VERITAS, CTA and HAWC 

mailto:buckley@wuphys.wustl.edu
mailto:buckley@wuphys.wustl.edu


γ γ

1

γ γ γ γ

FNAL 2011                                                Gamma-Rays                                                 James Buckley 

VHE Gamma-Ray Status

MAGIC
MILAGRO

VERITAS

H.E.S.S.

M82

γ-rays from Starburst Galaxy

G106.3+2.7

Image of SNR molec 
cloud -π0 γ-rays ?

M87

γ-rays from <50 RG 

of Supermassive BH

Rapid variability of 
PKS 2155, LIV tests
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Fundamental Physics Probes
• Dark Matter 

• If LHC detects SUSY, need gamma-rays to connect to DM halos, measure profile.

• Above LHC reach (~600 GeV) gamma-ray or direct detection needed

• Gamma-ray cross-section tied directly to decoupling cross-section and relic 
abundance (unlike nuclear recoil cross section.)

• Gamma-ray spectrum allows mass measurement and particle ID

• Distant gamma-ray sources (AGNs and GRBs) can be used as beams to probe 
intergalactic radiation fields (primordial starlight), intergalactic magnetic fields, TeV-
Planck scale physics (Lorentz invariance violation) and Axion-like-particles

• Lorentz Invariance Violation tests - Use fastest transients at highest energy to look 
for dispersion of light - TeV to Planck scale effects not accessible with accelerators

• Distortions in gamma-ray spectra from electron-positron pair production provide 
measurements of EBL containing contributions to diffuse background from the 
time of decoupling, through the star formation history of the universe.  Constrain 
first Population III stars, particle decays

• Constraints on Axion-Like-Particles that would allow VHE photons to escape pair 
absorption by oscillating to ALPs, to be regenerated in the local galactic field
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Relativistic jet from AGNs - cosmic 
accelerators and gamma-ray beams 
for probing intergalactic space

Dark matter annihilation 
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Future Experiments

!

• CTA baseline design consists of 

• 4 x 24m Large Size Telescopes (LSTs) for the lowest energies

• 23 x 12m Mid-Size Telescopes (MSTs) for medium energies (100 
GeV - 10 TeV)

• 50 x 6m Small-Size Telescopes (SSTs) for high energies (>10 TeV)

• CTA-US will supplement this with 36 more MST telescopes

• HAWC will consist of 300 water tanks at 4100m a.s.l toprovide all-sky 
survey observations above TeV energies

• As MILAGRO guided HESS, MAGIC and VERITAS HAWC will guide CTA

CTA HAWC
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CTA-US Science Drivers

Simulated Sky Map with Improved Angular Resolution, FoV, Sensitivity

Dark Matter
Digel, Funk and Hinton

(Buckley et al., APS whitepaper, 2008)

CTA FOV

Fermi

GRBs and Rapid Transients

(JB 2011)

Survey for galaxy - astrophysical sources, unidentified dark accelerators,  halo substructure
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Gamma-rays from DM
EγΦγ(θ) ≈ 10−10
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Particle Physics Input

Astrophysics/Cosmology Input

Line-of-sight integral of ρ2 for a
Milky-Way-like halo in the VL Lactea II
ΛCDM N-body simulations (Kuhlen et al.)
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GC DM Prospects

VERITAS sensitivity to GC region excluding point source for 3 TeV 
neutralinos with ~x10 boost (Sommerfeld or Astrophysical boost)

Bright source at galactic center with 
spectrum extending up to 20 GeV - not 
well fit by DM, but DM may still 
provide a good target

CTA can detect ~>100-200 GeV neutralinos with no boost

Angular resolution + sensitivity + southern hemisphere

CTA (5yr, 0.05◦-0.14◦)
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Sommerfeld Enhancement

• At high mass, expect Sommerfeld enhancement from W, Z exchange for standard neutralinos can give large 
enhancement in cross section, larger at small velocities in smaller halo substructure (e.g., Dwarfs)

• While HAWC will have a relatively high threshold, would be sensitive to some models at > several TeV where 
Sommerfeld enhancement is possibly quite large

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
2

p
ðcos

ffiffiffi
2

p
pcÞ"1 "

ffiffiffi
2

p
ðcoshpcÞ"1 and d2 ’

ðcos
ffiffiffi
2

p
pcÞ"1 þ 2ðcoshpcÞ"1, where pc &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

Lattanzi and Silk, PRD 79, 083523 
(2009), Profumo (2005)

At sufficiently high neutralino masses, the W and Z 
can act as carriers of a long-range (Yukawa-like) force, 
resulting in a velocity dependent enhancement in 
cross section ( 1/v or even 1/v2 enhancement near 
resonance) 

!"#$%&'$()*+",-.%

(Courtesy Matthieu Vivier)
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Lorentz invariance violation in VHE data

• Limits on Lorentz invariance violation can be derived from astrophysical observations when 
a fast feature in the light curve can be detected.

• The deviation of the speed of light as a function of energy is usually parametrized by a 
linear and a quadratic term:

• Given a light curve feature with characteristic time !t detected up to energies !E from a 
source at distance dL can be estimated by:

Lorentz Invariance Violation
• GUTs produce effects that are often only observable at the 

Planck scale, well beyond the reach of terrestrial accelerators.

• In the electromagnetic sector, these effects can show up as a 
vacuum dispersion relation for the propagation of light - e.g., a 
speed of light that depends on photon energy and polarization.

• To best constrain these effects, one should look for the shortest 
transients at the highest energies from the most distant sources.

Recent Blazar Results: Mrk 421Recent Blazar Results: Mrk 421
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Key Measurements

• Combine many measurements of the shortest variability timescales of AGN 
at different points in the sky to obtain limits on the coefficients of the Ylm

• GRBs and AGNs will provide the best probes.

• In general one must allow scalar terms, subluminal and superluminal terms in the 
dispersion, polarization dependent terms, and anisotropic terms (coefficients in a 
spherical harmonic expansion indicating, e.g., a preferred direction in space)

Fermi



γ γ

1

γ γ γ γ

ESAC 2011                                            VERITAS                                          James Buckley 

Extragalactic Background Light

April 16, 2004VERITAS ESAC Meeting, Amado

Cosmic Infrared Background

e-
g
IR

g
Te

V

AGN

Jet

The DIRBE team has reported detection

of EBL at 140 and 240 mm, and has set
only

upper limits to its brightness at eight
other wavelengths-

1.25, 2.2, 3.5, 4.9, 12, 25, 60 and 100

mm.

Hauser et al., 1998, ApJ, 508, 25

GLAST+VERITAS will measure the

line of sight integral of EBL
absorption

γ TeV

γ IR

e−

e+

• Integalactic space is filled with redshifted primordial starlight (UV to IR) imprinted with the integral with all radiative 
processes that occurred after decoupling - a cousin of the CMB.  

• Pair-production in intergalactic space causes absorption and spectral cutoffs that move to lower energy as the redshift 
increases.

• If one knows something about the source spectrum, can constrain, even measure, the spectrum of the EBL.

• Can do cosmology by constraining star formation history and any new particle physics scenarios that yield a contribution to 
the EBL - the ultimate calorimeter of all eV-scale physics!

Survival probability for gamma-rays

(Primack et al.)

Corresponding EBL spectrum
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Photon-Axion Mixing
Photon-ALP mixing in VHE spectra

• Photon-ALP mixing can happen at 
the source, or during photon 
propagation in the presence of 
intergalactic magnetic field.

• One signature of this effect will 
be a relatively sharp drop of 
~30% in the spectrum between 1 
and 100 GeV.

• Another effect is that mixing 
could make some photons travel 
to Earth as axions and then 
convert back to photons. Axions 
would not be attenuated by EBL. 
Therefore, one could expect to 
see less EBL absorption than 
expected at E~1TeV for distant 
sources. The boost effect could 
be of factor ~100 in the most 
optimistic scenarios.

Sanchez-Conde, Paneque, Bloom, Prada & Dominguez, Phys. Rev. D 79 (2009) 123511 

The flux increase due to axions propagating through EBL 
could be tested with VERITAS by observing distant sources. 
The effect could be disentangled from our ignorance of EBL 
density by seeing the effect in multiple sources at different z. 

Hooper and Serpico, PRL 99, 231102 (2007)
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Conclusions
• TeV gamma-ray measurements are sensitive to 

fundamental TeV-scale physics beyond the reach of 
terrestrial accelerators.

• Disclaimer: We also do astrophysics of the most 
exotic phenomena in the universe ranging including 
supermassive black holes, compact objects, 
exploding stars, and GRBs.

• Significant technical overlap with HEP (e.g., LAPPD 
project, cryogenic DM detectors)

• Gamma-ray measurements address numerous topics 
in fundamental physics: Dark Matter, Lorentz-
invariance violation, ALPs and Cosmology - history 
of star formation, primordial magnetic fields.

• Any comprehensive program for DM must include 
gamma-ray measurements!

“...We also show the remarkable, and 
somewhat surprising, fact that indirect 
detection rates for gamma-ray detection of 
dark matter annihilation in the galactic halo 
(or sub-halos) are very weakly correlated 
with direct detection rates. This means that a 
dedicated gamma-ray detector for dark 
matter detection may probe from an 
orthogonal direction the parameter space of 
viable dark matter models, down to direct 
detection levels that would never be 
realistically achievable otherwise.” 

[hep-ph] arXiv:1011.4514 L. Bergstrom et al.
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ASTROPHYSICAL TESTS OF LORENTZ AND CPT VIOLATION WITH PHOTONS

V. Alan Kostelecký1 and Matthew Mewes2

Received 2008 September 17; accepted 2008 October 21; published 2008 November 13

ABSTRACT
A general framework for tests of Lorentz invariance with electromagnetic waves is presented, allowing for

operators of arbitrary mass dimension. Signatures of Lorentz violations include vacuum birefringence, vacuum
dispersion, and anisotropies. Sensitive searches for violations using sources such as active galaxies, gamma-ray
bursts, and the cosmic microwave background are discussed. Direction-dependent dispersion constraints are
obtained on operators of dimension 6 and 8 using gamma-ray bursts and the blazar Markarian 501. Stringent
constraints on operators of dimension 3 are found using 5 year data from the Wilkinson Microwave Anisotropy
Probe. No evidence appears for isotropic Lorentz violation, while some support at 1 j is found for anisotropic
violation.
Subject headings: cosmic microwave background — galaxies: active — gamma rays: bursts — gravitation —

relativity

Recent years have seen a resurgence in tests of relativity,
spurred in part by the prospect of relativity violations arising
in a unified description of nature (Kostelecký & Samuel 1989;
Kostelecký & Potting 1991). Experimental searches for vio-
lations of Lorentz invariance, the symmetry underlying rela-
tivity, have been performed in a wide range of systems (for
data tables see Kostelecký & Russell 2008). Historically, ex-
periments probing the behavior of light have been central in
confirming relativity. Contemporary versions of the classic Mi-
chelson-Morley and Kennedy-Thorndike experiments (Lipa et
al. 2003; Antonini et al. 2005; Müller et al. 2007) remain among
the most sensitive tests today.

Some tight constraints on relativity violations have been
achieved by seeking tiny changes in light that has propagated
over astrophysical distances. Many of these search for a change
in polarization resulting from vacuum birefringence, using
sources such as galaxies (Carroll et al. 1990; Colladay & Kos-
telecký 1998; Kostelecký & Mewes 2001, 2002), gamma-ray
bursts (GRBs; Mitrofanov 2003; Jacobson et al. 2004; Kos-
telecký & Mewes 2006; Kahniashvili et al. 2006; Fan et al.
2007), and the cosmic microwave background (CMB; Feng et
al. 2006; Gamboa et al. 2006; Kostelecký & Mewes 2007;
Cabella et al. 2007; Komatsu et al. 2009; Xia et al. 2008;
Kahniashvili et al. 2008). Others seek a frequency-dependent
velocity arising from vacuum dispersion, using GRBs, pulsars,
and blazars (Amelino-Camelia et al. 1998; Kostelecký &
Mewes 2002; Boggs et al. 2004; Martı́nez & Piran 2006; Ellis
et al. 2006; Lamon et al. 2008; Albert et al. 2008). Here, we
present a general theoretical framework that characterizes Lor-
entz-violating effects on the vacuum propagation of electro-
magnetic waves and includes operators of all mass dimensions.
We discuss several techniques that can be used to search for
the unconventional signals of Lorentz violation, Using vacuum-
dispersion constraints from GRBs and the blazar Markarian
501, we place new direction-dependent limits on several com-
binations of coefficients for Lorentz violation. We also perform
a search for Lorentz violations in the 5 year results from the
Wilkinson Microwave Anisotropy Probe (WMAP; Komatsu et
al. 2009; Hinshaw et al. 2009; Nolta et al. 2009), finding some

1 Physics Department, Indiana University, Bloomington, IN 47405.
2 Physics Department, Marquette University, Milwaukee, WI 53201.

evidence for anisotropic violations but no support for isotropic
violations.

At attainable energies, violations of Lorentz invariance are
described by a framework called the standard-model extension
(SME; Colladay & Kostelecký 1997, 1998; Kostelecký 2004)
that is based on effective field theory (Kostelecký & Potting
1995). Approaches outside field theory also exist (Amelino-
Camelia 2008). The SME characterizes all realistic violations
affecting known particles and fields, while incorporating oth-
erwise established physics. Much of the work on Lorentz vi-
olation has focused on the minimal SME, which restricts at-
tention to gauge-invariant operators of renormalizable
dimension. In this work, we consider the gauge-invariant pure-
photon sector of the full SME with Lorentz-violating operators
of arbitrary dimension, which has Lagrange density (Koste-
lecký & Mewes 2007)

1 1 1 klmn
mn klmn ˆ ˆ( ) ( )L p ! F F " e A k F ! F k F , (1)mn l AF mn kl F mnk4 2 4

where is the 4-potential with field strength . In a flatA Fm mn

background with energy-momentum conservation, the Lorentz
violation arises through the differential operators

a …a1 (d!3)(d)k̂ p k ! … ! , (2)( ) ( )!AF AF a a1 (d!3)k kdpodd

klmn klmna …a1 (d!4)(d)k̂ p k ! … ! . (3)( ) ( )!F F a a1 (d!4)
dpeven

The constant coefficients and char-
a …a klmna …a1 (d!3) 1 (d!4)(d) (d)k k( ) ( )AF F
k

acterize the degree of Lorentz violation. The former control
CPT-odd operators and are nonzero for odd dimension ,d ≥ 3
while the latter control CPT-even operators and are restricted
to even .d ≥ 4

The Lagrange density (eq. [1]) yields modified Maxwell
equations. At leading order in coefficients for Lorentz violation,
two plane-wave solutions exist. The corresponding two mod-
ified dispersion relations can be written in the form

2 2 20 1 2 3"p(q) ≈ 1 " " # " " " " " q, (4)( ) ( ) ( )[ ]

Lorentz Invariance Violation

• Since there is no complete theory, it is useful to follow the framework of 
Kostelecky and collaborators, where one considers generic terms in the 
Electromagnetic sector of the Lagrangian:

L2 KOSTELECKÝ & MEWES Vol. 689

where p and q are the wavenumber and frequency, respectively.
It follows that electromagnetic waves generically contain two
propagating modes with different velocities and polarizations.
The symbols !0, !1, !2, and !3 represent certain combinations
of coefficients for Lorentz violation, and they depend on the
frequency q and direction of propagation . With convenientp̂
normalizations, !1, !2, and !3 are the Stokes parameters 1s p

, , and of the faster mode, while !0 is a scalar2 3Q s p U s p V
combination analogous to the intensity . These four com-0s p I
binations completely control the leading-order effects of Lor-
entz violation on light propagating through empty space. The
combination !3 depends only on the coefficients ,

a …a1 (d!3)(d)k( )AF
k

while !0, !1, and !2 depend only on the coefficients
.

klmna …a1 (d!4)(d)k( )F

It is convenient to identify a minimal set of coefficient com-
binations that affect light propagating in vacuo. This can be
accomplished through spherical-harmonic decomposition.
Since !0 and !3 are rotation scalars while !1 and !2 are rotation
tensors, their decomposition must involve some form of tensor
spherical harmonics. The spin-weighted harmonics pro-ˆY (p)s jm

vide a well-understood set (Newman & Penrose 1966; Gold-
berg 1967). The index s is the spin weight, which up to a sign
is equivalent to helicity. Decomposing yields

0 d!4 (d)ˆ! p q Y (n)k ,! 0 jm (I)jm
djm

1 2 d!4 (d) (d)ˆ ( )! ! i! p q Y (n) k " ik ,! !2 jm (E)jm (B)jm
djm

3 d!4 (d)ˆ! p q Y (n)k , (5)! 0 jm (V )jm
djm

where and is a unit vector pointing to theˆ ˆj ≤ d ! 2 n p !p
source in astrophysics tests.

With this decomposition, all types of Lorentz violations for
propagation in vacuo can now be simply characterized using
four sets of spherical coefficients, , , and for(d) (d) (d)k k k(I)jm (E)jm (B)jm

CPT-even effects and for CPT-odd effects. For each co-(d)k (V )jm

efficient, the underlying Lorentz-violating operator has mass
dimension d and eigenvalues of total angular momentum given
by jm, as usual. For light from astrophysical sources, dispersion
arises when the speed of propagation depends on frequency,
which occurs for any nonzero coefficient with . Bire-d ( 4
fringence results when the usual degeneracy among polariza-
tions is broken, for which at least one of , , or(d) (d)k k(E)jm (B)jm

is nonzero. For example, all operators producing light-(d)k (V )jm

speed corrections that are linear in the energy have andd p 5
are necessarily birefringent. The only coefficients for nonbi-
refringent dispersion are therefore with even . Since(d)k d ≥ 6(I)jm

birefringence tests using polarimetry are typically many orders
of magnitude more sensitive than dispersion tests using timing,
in the following discussion of dispersion we focus only on
coefficients for nonbirefringent dispersion.

Tests for vacuum dispersion seek differences in the velocity
of light at different wavelengths. In the present context with
zero birefringent coefficients, the change in velocity is dv "

. We see from equation (5) that the velocity generically0!!
depends on the direction as well as the frequency q. Typicaln̂
analyses study explosive or pulsed sources of radiation pro-
ducing light over a wide wavelength range in short time periods,
comparing the arrival times of different wavelengths. This idea
has been the focus of many searches based on modified dis-
persion relations (Amelino-Camelia et al. 1998; Kostelecký &
Mewes 2002; Boggs et al. 2004; Martı́nez & Piran 2006; Ellis

et al. 2006; Lamon et al. 2008; Albert et al. 2008). Many of
these studies assume isotropic violations, which corresponds
to the limit . However, at each dimension d, thisj p m p 0
isotropic restriction misses possible effects from2(d ! 2d ! 2)
anisotropic violations.

To calculate arrival-time differences in an expanding universe,
some care is required (Jacob & Piran 2008). In the present case,
the photons propagate between two comoving objects, so the rel-
evant coordinate interval is . Here,dl p (1 # z)dl p !v dz/Hc p zz

is the particle velocity at redshift z, and 4v H p H (Q z #z 0 rz

with is the Hubble expansion3 2 1/2Q z # Q z # Q ) z p 1 # zm k L

rate at z in terms of the present-day Hubble constant H "0

km s!1 Mpc!1, radiation density , matter density71 Q " 0r

, vacuum density , and curvature densityQ " 0.27 Q " 0.73m L

. The total coordinate distance is theQ p 1 ! Q ! Q ! Qk r m L

same for all wavelengths, but the travel times may differ. In-
tegrating from the same initial time to the two arrival timesdlc

for the two velocities gives a relation for the arrival-time dif-
ference , which depends on the two energies and the sourceDt
location on the sky. For the present case with Lorentz violation
at dimension d, we find

z d!4(1 # z)d!4 (d)ˆDt ≈ !Dq dz Y (n)k , (6)!# 0 jm (I)jmH jm0 z

where is the difference in between the twod!4 d!4Dq q
frequencies.

As an illustration, consider the bright gamma-ray burst GRB
021206 at right ascension 240" and declination !9.7". Over
energies from 3 to 17 MeV, arrival-time differences are no
more than ms for this source at (Boggs et al.Dt ! 4.8 z " 0.3
2004). Numerical integration of equation (6) leads to a bound
on one direction-specific combination of the 25 independent
coefficients for nonbirefringent dispersion with ,d p 6

(6) !16 !2Y (99.7", 240")k ! 1 # 10 GeV . (7)! 0 jm (I)jm
jm

For the 63 independent nonbirefringent dispersive operators
with , we obtaind p 8

(8) !13 !4Y (99.7", 240")k ! 3 # 10 GeV . (8)! 0 jm (I)jm
jm

Operators with higher d can be treated similarly. Note that many
sources are required to constrain fully the coefficient space for
a given d. In contrast, only one source is needed to constrain
fully the corresponding coefficient in the restrictive isotropic
limit . In this limit, the bounds from equations (7)j p m p 0
and (8) reduce to and(6) !16 !2 (8)k ! 4 # 10 GeV k ! 9 #(I)00 (I)00

, respectively.!13 !410 GeV
As another example, consider Markarian 501, which lies at

. This source produces flares with photon energies inz " 0.03
the TeV range, making it particularly sensitive to an energy-
dependent velocity and also to threshold analyses (Amelino-
Camelia & Piran 2001). A recent analysis of observations by
the MAGIC collaboration found some evidence for a nonbi-
refringent velocity defect of the form ordv p !q/M dv p

(Albert et al. 2008). The first case is incompatible with2 2!q /M
the present treatment; a reanalysis incorporating the necessary
birefringence could yield comparatively weak but compatible
new bounds. The second case suggests dispersion with M "

GeV, assuming an arrival-time lag due entirely to#5 10(6 ) # 10!1

L1
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ABSTRACT
A general framework for tests of Lorentz invariance with electromagnetic waves is presented, allowing for

operators of arbitrary mass dimension. Signatures of Lorentz violations include vacuum birefringence, vacuum
dispersion, and anisotropies. Sensitive searches for violations using sources such as active galaxies, gamma-ray
bursts, and the cosmic microwave background are discussed. Direction-dependent dispersion constraints are
obtained on operators of dimension 6 and 8 using gamma-ray bursts and the blazar Markarian 501. Stringent
constraints on operators of dimension 3 are found using 5 year data from the Wilkinson Microwave Anisotropy
Probe. No evidence appears for isotropic Lorentz violation, while some support at 1 j is found for anisotropic
violation.
Subject headings: cosmic microwave background — galaxies: active — gamma rays: bursts — gravitation —

relativity

Recent years have seen a resurgence in tests of relativity,
spurred in part by the prospect of relativity violations arising
in a unified description of nature (Kostelecký & Samuel 1989;
Kostelecký & Potting 1991). Experimental searches for vio-
lations of Lorentz invariance, the symmetry underlying rela-
tivity, have been performed in a wide range of systems (for
data tables see Kostelecký & Russell 2008). Historically, ex-
periments probing the behavior of light have been central in
confirming relativity. Contemporary versions of the classic Mi-
chelson-Morley and Kennedy-Thorndike experiments (Lipa et
al. 2003; Antonini et al. 2005; Müller et al. 2007) remain among
the most sensitive tests today.

Some tight constraints on relativity violations have been
achieved by seeking tiny changes in light that has propagated
over astrophysical distances. Many of these search for a change
in polarization resulting from vacuum birefringence, using
sources such as galaxies (Carroll et al. 1990; Colladay & Kos-
telecký 1998; Kostelecký & Mewes 2001, 2002), gamma-ray
bursts (GRBs; Mitrofanov 2003; Jacobson et al. 2004; Kos-
telecký & Mewes 2006; Kahniashvili et al. 2006; Fan et al.
2007), and the cosmic microwave background (CMB; Feng et
al. 2006; Gamboa et al. 2006; Kostelecký & Mewes 2007;
Cabella et al. 2007; Komatsu et al. 2009; Xia et al. 2008;
Kahniashvili et al. 2008). Others seek a frequency-dependent
velocity arising from vacuum dispersion, using GRBs, pulsars,
and blazars (Amelino-Camelia et al. 1998; Kostelecký &
Mewes 2002; Boggs et al. 2004; Martı́nez & Piran 2006; Ellis
et al. 2006; Lamon et al. 2008; Albert et al. 2008). Here, we
present a general theoretical framework that characterizes Lor-
entz-violating effects on the vacuum propagation of electro-
magnetic waves and includes operators of all mass dimensions.
We discuss several techniques that can be used to search for
the unconventional signals of Lorentz violation, Using vacuum-
dispersion constraints from GRBs and the blazar Markarian
501, we place new direction-dependent limits on several com-
binations of coefficients for Lorentz violation. We also perform
a search for Lorentz violations in the 5 year results from the
Wilkinson Microwave Anisotropy Probe (WMAP; Komatsu et
al. 2009; Hinshaw et al. 2009; Nolta et al. 2009), finding some

1 Physics Department, Indiana University, Bloomington, IN 47405.
2 Physics Department, Marquette University, Milwaukee, WI 53201.

evidence for anisotropic violations but no support for isotropic
violations.

At attainable energies, violations of Lorentz invariance are
described by a framework called the standard-model extension
(SME; Colladay & Kostelecký 1997, 1998; Kostelecký 2004)
that is based on effective field theory (Kostelecký & Potting
1995). Approaches outside field theory also exist (Amelino-
Camelia 2008). The SME characterizes all realistic violations
affecting known particles and fields, while incorporating oth-
erwise established physics. Much of the work on Lorentz vi-
olation has focused on the minimal SME, which restricts at-
tention to gauge-invariant operators of renormalizable
dimension. In this work, we consider the gauge-invariant pure-
photon sector of the full SME with Lorentz-violating operators
of arbitrary dimension, which has Lagrange density (Koste-
lecký & Mewes 2007)

1 1 1 klmn
mn klmn ˆ ˆ( ) ( )L p ! F F " e A k F ! F k F , (1)mn l AF mn kl F mnk4 2 4

where is the 4-potential with field strength . In a flatA Fm mn

background with energy-momentum conservation, the Lorentz
violation arises through the differential operators

a …a1 (d!3)(d)k̂ p k ! … ! , (2)( ) ( )!AF AF a a1 (d!3)k kdpodd

klmn klmna …a1 (d!4)(d)k̂ p k ! … ! . (3)( ) ( )!F F a a1 (d!4)
dpeven

The constant coefficients and char-
a …a klmna …a1 (d!3) 1 (d!4)(d) (d)k k( ) ( )AF F
k

acterize the degree of Lorentz violation. The former control
CPT-odd operators and are nonzero for odd dimension ,d ≥ 3
while the latter control CPT-even operators and are restricted
to even .d ≥ 4

The Lagrange density (eq. [1]) yields modified Maxwell
equations. At leading order in coefficients for Lorentz violation,
two plane-wave solutions exist. The corresponding two mod-
ified dispersion relations can be written in the form

2 2 20 1 2 3"p(q) ≈ 1 " " # " " " " " q, (4)( ) ( ) ( )[ ]
Dispersion relation (momentum versus frequency)

Non-birefringent components

CPT odd

CPT even

Related to Stokes Parameters

{
}

ζ1 = Q, ζ2 = U, ζ3 = V
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• Dwarf satellites of the Milky Way are the most promising DM 
targets outside of the Galactic Center

• Dark-Matter dominated objects with mass to light ratios of more 
than 100

• DM Distribution is tightly constrained by stellar velocity 
dispersion measurements the map out the DM gravitational 
potential

• Clean sources with limited uncertainties, but currently one to two 
orders of magnitude beyond the reach of Fermi, VERITAS or HESS
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VERITAS/CTA DM Prospects

• With modest boost from halo substructure or Sommerfeld, future 
measurements of Dwarf galaxies or nearby substructure will probe the natural 
range of annihilation cross sections for much of SUSY parameter space.
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CTA-US Technology R&D
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 distribution, E > 1TeV2

• Add 36 telescopes to existing 24-scope mid-sized telescope 
array.

• Collective effects in combining experiments - in large array, 
higher percentage of showers fall between scopes than 
beyond edge - lower energy threshold, better angular 
resolution, better sensitivity

• CTA-US group exploring Schwarzschild-Coulder for plate-
scale reduction (MAPMTs), angular resolution, large 
corrected FOV (8 degree) 

• Modular camera with SCA ASIC giving 16000 0.056 deg 
pixels with Gsps waveform sampling  for ~$1M 

Modular MAPMT 
camera

Switched-Capacitor-Array ASIC
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Extragalactic Background Light

• VERITAS, HESS and MAGIC spectra, combined with Fermi spectra are 
beginning to result in measurements (not just upper limits) of EBL spectrum

Recent Blazar ResultsRecent Blazar Results: RGB : RGB 
J0710+591J0710+591

1 period = 1 month = 1 dark run
– “!"#$%&%” '()

J0710+591J0710+591

– $%*+,-.# /0123
– 4$5&-+-67 8'! 9:6*-*:#%;
!<=!>? @,-AAB%? '!<=C? AA ?
DAA%$ B-&-#+

– 8!=E>CF *%#%9#-56
#$-77%$%* 5G+%$H:#-56+ :##$-77%$%* 5G+%$H:#-56+ :#
5#,%$ I:H%B%67#,+?
-69BD*-67 J%$&- )C>
*%#%9#-56*%#%9#-56

– J-$+# J%$&- )C> +5D$9%
.5D6* I-#, 8'! 7D-*:69% '! K 10LM N /01O+#:# N /0/3+P+

8'! K 20MQ N /02M+#:# N /02/+P+

2L
80 C99-:$- !" #$0 2/1/? CAR) O13? )LQ

8'! 20MQ N /02M+#:# N /02/+P+

Spectral distortion from
γTeV + γIR → e+e−

VERITAS/Fermi spectrum of RGB 0710+591



γ γ

1

γ γ γ γ

FNAL 2011                                                Gamma-Rays                                                 James Buckley 

M87: Radio Galaxy
M87 (R/O/X):

M87 (VERITAS)

Walker, Lee, Junor & Hardee, 2007 43GHz  VLBA 
data (1 Rs=0.37 mas, 1mas=0.078 pc)

• VERITAS, HESS and MAGIC have 
detected flares from M87 - correlations 
with Radio reveal clues about the inner-
most emission region

• M87 one of the nearest active galaxies.  
VLBI reveals the innermost jet, but the 
central engine is still obscured due to 
synchrotron self-absorption, resolution 
limits
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(Acciari et al. 2009, Science, 325, 444)

• Use γ-ray light curve as “source function” to inject 
electron population.

• Electron population cools adiabatically as plasma 
moves down “hollow cone”.

• Account for differences in δ and in light travel 
time.

• Acceptable model fits for 
α=5˚, θ=20˚, Γ = 1.01, βjet = 0.14, B = 0.5G. 

⇒ core R/X emission appears correlated with γs

Fl
ux

 (J
y)

Date (MJD)

Model by H. Krawczynski (Acciari et al. 
2009, Science, 325, 444)

Gamma-ray emission region inside 50 RG



γ γ

1

γ γ γ γ

FNAL 2011                                                Gamma-Rays                                                 James Buckley 

CTA Performance
60 7 Monte Carlo Simulations and Layout Studies
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Figure 21: Three events as seen by the 59-telescope candidate array E. The gamma-ray
energy and number of images seen are shown in each instance. The left-hand plots show the
telescopes on the ground (the three sizes of circles for the telescopes of diameters 7 m, 12 m
and 24 m, respectively), with projected Hillas ellipses drawn relative to each telescope position
for each triggered telescope. Higher amplitude images are filled with darker grey. The point
of intersection of the primary trajectory with the ground is marked with a star. It is found
in a simultaneous fit of both core and direction. The truncation of images at large impact
distances is clearly visible. The right-hand plots shows the same ellipses in the camera plane,
with the gamma-ray source position marked with a star. (In the most rudimentary analysis one
can reconstruct the impact point on ground by the intersection of the directions from image
centroids to each of their telescope positions (dotted lines on the left), and the gamma-ray
direction in the sky from the intersection of the image axes (right).)
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Figure 18: Top: 275 telescope super-configuration for the MC mass production. 5 telescope
types are simulated (red: 24 m diameter telescopes, black and green: 12 m, pink: 10 m, blue:
7 m), with the circle size proportional to the mirror area. Bottom: Three example candidate
configurations (B, C & E) which are subsets of the 275 telescope array and would all have an
approximate construction cost of 80 Me.
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Figure 22: Angular resolution (68% containment) for array configuration E, as a function of
the number of telescopes with good shower images.
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Figure 23: Integral sensitivity (multiplied by E) for the candidate configurations B, C and E,
for point sources observed for 50 hours at a zenith angle of 20◦. The goal curve for CTA (dashed
line) is shown for comparison.

Possible CTA array configuration
Events for 260 GeV to 62 TeV gamma-rays

Differential Sensitivity for 50 hrs
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Gamma-Ray Halos

• Except for GC, most sources will appear point-like or not at all!


